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Gate-tunable Josephson junctions (JJs) are the backbone of superconducting classical and quan-
tum computation. Typically, these systems exploit low charge concentration materials, and present
technological difficulties limiting their scalability. Surprisingly, electric field modulation of super-
current in metallic wires and JJs has been recently demonstrated. Here, we report the realization
of titanium-based monolithic interferometers which allow tuning both JJs independently via volt-
age bias applied to capacitively-coupled electrodes. Our experiments demonstrate full control of
the amplitude of the switching current (IS) and of the superconducting phase across the single JJ
in a wide range of temperatures. Astoundingly, by gate-biasing a single junction the maximum
achievable total IS suppresses down to values much lower than the critical current of a single JJ.
A theoretical model including gate-induced phase fluctuations on a single junction accounts for our
experimental findings. This class of quantum interferometers could represent a breakthrough for
several applications such as digital electronics, quantum computing, sensitive magnetometry and
single-photon detection.
The possibility of tuning the properties of Bardeen-
Cooper-Schrieffer (BCS) metallic superconductors via
conventional gating has been excluded for almost a cen-
tury. Surprisingly, strong static electric fields have been
recently shown to modulate the supercurrent down to
full suppression and even to induce a superconductor-
to-normal phase transition in metallic wires [1, 2] and
Josephson junctions (JJs) [3–5] without affecting their
normal-state behavior. Yet, these results did not find
a microscopic theoretical explanation so far [6]. In this
Article, we lay down a fundamental brick for both the
insight and the technological application of this unortho-
dox field-effect by realizing a titanium-based monolithic
superconducting quantum interference device (SQUID)
which can be tuned by applying a gate bias to both JJs in-
dependently. We first show modulation of the amplitude
and the position of the interference pattern of the switch-
ing current (IS) by acting with an external electric field
on a single junction of the interferometer. Notably, this
phenomenology differs from that of conventional gate-
tunable SQUIDs [7–10] and cannot be explained by a
simple squeezing of the critical current of the junction
induced by the electric field [11]. Consequently, a local
electric field acts on a global scale influencing the prop-
erties of both JJs. Since the superconducting phases of
the two JJs are non-locally connected by fluxoid quanti-
zation, we deduce that the electric field must act both on
the critical current amplitude and couple to the super-
conducting phase across the single junction. The overall
interferometer phase can shift from −0.4pi to 0.2pi de-
pending on the used gate electrode and on the strength
of the gate bias. Furthermore, the effect persists up
to ∼ 80% of the superconducting critical temperature.
Fully-metallic field-effect controllable Josephson interfer-
ometers could lay the first stone of novel superconducting
architectures suitable for classical [12, 13] and quantum
[14–17] computing, and for ultrasensitive tunable mag-
netometry [18, 19].
Figure 1-a shows a typical field-effect controllable
metallic Josephson interferometer. The monolithic dc-
SQUID is realized in the form of a 30-nm-thick Ti super-
conducting loop interrupted by two 150-nm-long and 150-
nm-wide nano-constrictions (Dayem-bridges), that we la-
bel as L for left and R for right. Corresponding to each
constriction a side electrode (VL and VR, at a distance
of about 30 nm and 50 nm, respectively) allows to inde-
pendently control the switching current of the JJ (IL and
IR) via an electrostatic field [1, 3, 4]. The details of the
simple single-step fabrication process can be found in the
Methods.
We start the basic investigation of our interferometer
by measuring its resistance R versus temperature T char-
acteristic shown in Fig. 1-b. In particular, a critical tem-
perature TC ' 420 mK and a normal-state resistance of
the entire device RN ' 550 Ω are recorded. To study
the current-flux behavior of the SQUID, we measured
the voltage versus current characteristics for Φ ' 0 (or-
ange) and Φ ' Φ0/2 (blue), where Φ0 ' 2 × 10−15 Wb
is the flux quantum, at T = 150 mK (see Fig. 1-c). De-
noting with IS(Φ) and IS,ave the switching current as a
function of the magnetic flux and the average current,
respectively, a modulation visibility ∆IS/IS,ave ' 11%
is observed, where ∆IS = IS(0) − IS(Φ0/2). The basic
parameters of the titanium thin film and the SQUID ex-
tracted from the experimental data are presented in the
Methods section.
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FIG. 1: Interferometer layout and basic characterization. a False-color electron micrograph of a typical all-metallic
field-effect controllable Josephson interferometer. The core of the SQUID is represented in blue whereas the left side gate (VL)
in yellow and the right side gate (VR) in red. Φ denotes the magnetic flux piercing the loop while I is the current flowing
through the interferometer. The inset shows a blow-up of the right gate-tunable Josephson junction. b Four-probe resistance
R versus temperature T characteristic of the entire device. c Individual voltage V versus current I traces measured at T = 150
mK for Φ ' 0 (orange) and Φ ' Φ0/2 (blue). d Positive (blue squares) and negative (orange squares) switching currents IS
of the SQUID measured at T = 50 mK. The black lines represent the theoretical prediction for a Dayem-bridge-based SQUID
calculated within the RCSJ formalism (see Methods for further details). The resulting error bars are smaller than the line
dimension.
The characteristic triangular magnetic-flux patterns
[20, 21] of both positive (blue) and negative (orange)
branch of the switching current obtained at T = 50 mK
are represented in Fig. 1-d. In order to extract the
basic parameters of the interferometer we developed a
theoretical model based on the resistively and capaci-
tively shunted junction (RCSJ) formalism (see Methods
for further details). The black lines in Fig. 1-d are ob-
tained by considering a working temperature of 50 mK
and the presence of thermal fluctuations on both JJs (IthL
and IthR ). We deduced the screening parameter, β ' 32,
accounting for the multiple value of IS for certain val-
ues of magnetic flux [22], and a small asymmetry in the
critical current of the two junctions (IC,L ' 13.6 µA and
IC,R ' 13.3 µA, respectively) causing the limited offset of
IS(Φ) along the external magnetic flux axis (' 0.05Φ0).
We would like to stress that in our experimental condi-
tions the thermal fluctuations give a negligible contribu-
tion to the phase dynamics of the SQUID, that is the
error bars of the black curve of Fig. 1-d are vanishingly
small.
To ensure independent field-effect control of a single
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FIG. 2: Electric field-dependent magnetic modulations: experiments and theoretical model. Experimental
modulations of the switching current IS with the magnetic flux Φ piercing the SQUID at T = 50 mK for positive (a) and
negative (b) current bias measured for positive values of voltage applied to the left gate electrode VL. (c ) Positive branch
of IS(Φ) for different negative values of VL and for different values of positive right gate bias VR (d) measured at T = 50
mK. In the experiment, the leakage current measured between the gate electrode and the SQUID is typically of the order of a
few tens of pA resulting in a gate-SQUID impedance of a few TΩ. Theoretical modulations of IS with Φ calculated with our
RCSJ-based model for different values of current fluctuations and critical current suppression applied to the left (e) and right
(f) JJ. The parameters used in the numerical simulations are listed in the Supplementary Information.
JJ, the intensity of the electric field generated through
the left (right) gate electrode at the surface of the right
(left) Dayem bridge has to be negligible. To this end,
we fabricated the junctions separated by roughly 8 µm
(see Fig. 1-a). Furthermore, finite element simulations
performed for the same geometry of our devices showed
that the resulting ‖ ~D‖ is suppressed by about a factor
of 20 at the right JJ so that the effect of VL on IR can
be considered negligible (see Supplementary Information
for further details).
To investigate the impact of the gate bias on the
SQUID switching current characteristic, we measured
IS(Φ) for different values of gate voltage independently
applied to both the left (VL) and right (VR) gate elec-
trode. Figures 2-a and b show the magnetic modula-
tion patterns of the positive and negative branch of the
switching current for different positive values of VL mea-
sured at T = 50 mK. The right gate electrode has been
left floating or grounded with no evident change in the
SQUID behavior. The data highlight several interesting
gate-dependent features. First, the maximum switching
current IS,max is suppressed by increasing gate voltage,
and it shows a similar reduction for positive and neg-
ative current bias. Second, IS,max shifts towards lower
(higher) magnetic flux values for the positive (negative)
branch of the switching current. Third, the experimental
error bars of IS are different in the first and second half
of the oscillation period with the magnetic flux. They
grow for the first half period of the switching current,
whereas they remain almost constant for the second one.
Importantly, field-effect is almost symmetric in the po-
larity of VL (see Fig. 2-c), as reported for the reduction
of IS in metallic wires [1] and Dayem-bridge JJs [3, 4].
As a consequence, any charge accumulation or depletion
seem to be excluded since they would provide an op-
posite effect on the magnitude of the switching current.
Furthermore, in order to exclude any quasiparticle over-
heating due to direct current injection from the gate to
the JJs, during all experiments we monitored the leakage
current IL. The leakage current is always on the order
of tens of picoamps for both gate electrodes and it is not
correlated with the strength of the IS suppression (see
Supplementary Information for further details). In addi-
tion, field-effect control of titanium Dayem bridges has
been demonstrated to be unaffected from leakage cur-
rents of this order of magnitude [3, 4].
In full agreement with the data obtained for VL, by
applying a bias VR to the right gate electrode yields sup-
pression of the maximum switching current (see Fig. 2-
d). Yet, the magnetic modulation patterns shift towards
higher values of the magnetic flux and the larger current
fluctuations are recorded for the second half period of
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FIG. 3: Impact of electric field on the superconduct-
ing phase. a IS(Φ) for different values of gate voltage VL
measured at T = 50 mK. The dotted black curve repre-
sents the intrinsic value of the critical current of the right
JJ (IC,R ' 13.3 µA). b Switching current for zero magnetic
flux piercing the interferometer IS,max as a function of the
bias voltage applied to left (yellow squares) and right (red
squares) gate electrode at T = 50 mK. c Average fluctuations
of SQUID switching current as a function of the bias applied
to the left gate electrode VL for the rising (blue squares) and
decreasing (green squares) branch at T = 50 mK. d Switching
current IS as a function of the external magnetic flux Φ calcu-
lated within an ad hoc model based on the RCSJ formalism.
In particular, we considered the joint impact of the dampen-
ing of the critical current IC,L of the left nano-constriction
and the enhancement of the electric field-dependent super-
conducting current fluctuations IgateL on the same JJ. The
parameters used in the numerical simulations are listed in the
Supplementary Information.
IS(Φ) oscillation. In addition, the values of VR which are
necessary to affect IS are bigger than for VL because the
distance between the JJ and the gate electrode is larger
in R than in L.
Previous gating experiments performed on metallic JJs
[3–5] suggest that the electric field can strongly reduce
their switching current. We included this information
in the model by reducing IC,L or IC,R (with IC,L and
IC,R denoting the switching currents of the left and right
JJ, respectively) when the corresponding gate bias is ap-
plied. In this case, a sizable screening parameter β is
enough to explain both the reduction of the total switch-
ing current of the SQUID and the shift of the interference
pattern along the magnetic flux axis [11, 23]. However,
this is not sufficient to account for the difference in the
switching current errors for the first and second half pe-
riod of IS (see Fig. 2-a). To this end, we introduced two
gate-dependent fluctuating currents, IgateL and I
gate
R , that
disturb the dynamics of the corresponding superconduct-
ing phases. This will be a key point to explain some of
the features of the following measurements.
Figures 2-e and f show the result of the calculation of
the joint impact of the switching current reduction and
phase fluctuations in the left and right JJ on the com-
plete interference pattern of the SQUID, respectively. By
imposing the phase noise on the left (right) JJ, the inter-
ference pattern shifts towards negative (positive) values
of the magnetic flux, and the IS fluctuations grow in the
first (second) half of the switching current oscillation pe-
riod. The theoretical curves display a good qualitative
agreement with the experimental data. In particular, the
calculations suggest that current fluctuations occur al-
ready for low values of gate voltage, while the critical
current suppression start to develop for higher gate bi-
ases. As a consequence, our data seem to highlight that
an external static electric field can affect, even if indi-
rectly, the phase of a metallic conventional superconduc-
tor.
Next step is to investigate the impact of the electro-
static field on the superconducting phase for higher val-
ues of gate voltage. Figure 3-a shows the experimental
traces measured for VL ≥ 10 V at T = 50 mK. The
most prominent feature is the suppression of IS below
the critical current of a single JJ for every value of the
magnetic flux [IS(VL = 12V) ≤ IC,R, see black dotted
line in Fig. 3-a], while the oscillatory behavior is pre-
served with an almost constant visibility. The stark re-
duction of the switching current is highlighted by plot-
ting IS,max = IS(Φ = 0) as a function of gate voltage (see
Figure 3-b). In particular, for VL = −12 V the switching
current surprisingly lowers down to ∼ 0.6IC,R. Further-
more, the asymmetry in the switching current fluctua-
tions for the first/second half of the oscillation period of
IS(Φ) tends to disappear for high values of gate bias (see
Figure 3-c). In addition, the multivalued nature of IS for
certain values of Φ turns out to vanish by increasing gate
voltage.
All the above phenomenology does not find any sat-
isfactory explanation within conventional models for a
SQUID [11, 23] with the assumption that the junction
critical current decreases under the effect of the electric
field [1, 3–5] or for a possible direct hot electron injection
[24]. In fact, if a single JJ is squeezed up to closure, a
continuous and flux-independent flow of current in the
ungated junction is expected to occur [11]. By contrast,
Figs. 3-a and b imply that a local static electric field
influences both junctions thereby affecting the whole in-
terferometer.
Figure 3-d shows the evolution of IS(Φ) calculated by
imposing, on the one hand, the dampening of the critical
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FIG. 4: Phase shift and its temperature dependence. a Phase shift ∆ϕ as a function of the voltage applied to left
(yellow squares) and right (red squares) gate electrode at T = 50 mK. Dashed lines indicate typical phase shifts required for
implementing quantum logic gates: pi/8 and pi/4 (the so-called T gate). The inset shows the schematic representation of a
gate-tunable phase shifter. b-e Modulations of the switching current IC with the superconducting phase ϕ measured at four
different temperatures T = 100, 200, 300, 350 mK for two values of VL (0, blue squares, and 9 V, turquoise squares). The dashed
lines represent the phase position of IC,max for VL = 0 (blue) and VL = 9 V (turquoise). f Phase shift ∆ϕ as a function of
temperature for different values of the voltage applied to the left gate electrode VL. The squares depict the averages of ∆φ
extracted from different periods with the associated error, while the solid lines are guides for the eye.
current IC,L of the left JJ and, on the other hand, the
strengthening of the gate-dependent current fluctuations
on the same junction IgateL . These are local noise sources
exclusively acting on the left JJ due to the presence of
the applied gate voltage (VL). Yet, in the SQUID config-
uration the superconducting phases are locked by fluxoid
quantization [25]. Therefore, any local perturbation af-
fects non-locally the dynamics of the opposite junction,
and all the global observables of the interferometer. The
theoretical curves exhibit a good qualitative agreement
with the experiment showing the suppression of IS below
the value of the ungated junction (Fig. 3-d). In addition,
they are able to grab the evolution from a triangular-
shaped interference pattern of IS(Φ) to a smoother oscil-
latory behavior. We can therefore conclude that an exter-
nal electrostatic field couples with the superconducting
phase of a conventional metallic superconductor.
The sliding of the interference pattern along the mag-
netic flux axis driven by the gate bias can be inherently
projected in a tunable shift of the superconducting phase
[11]. We define the phase shift as ∆ϕ(Vi) = ϕ(Vi)−ϕ(0),
where Vi is the voltage applied to the i = L,R gate elec-
trode. Figure 4-a shows the phase shift as a function
of VL (yellow squares) and VR (red squares) extrapo-
lated from our experimental data obtained at T = 50
mK. Notably, the total maximum phase shift is ∆ϕtot =
∆ϕmax(VR) − ∆ϕmax(VL) ' 0.6pi, where ∆ϕmax(V ),
with V = VR, VL, is the maximum phase shift gener-
ated by applying the voltage V . The asymmetry in the
effect of the two gate voltages on ∆ϕ can be entirely as-
cribed to the difference in the distance of the two gate
electrodes from the corresponding weak-link regions [4].
From our data we can extrapolate a possible total max-
imum phase shift of at least 0.8pi within this geometry,
since a ∆ϕ ∼ 0.4pi was obtained by biasing the left gate
electrode (see Fig. 4-a). In addition, we wish to stress
that the maximum achievable phase shift could rise by
applying stronger gate biases until the oscillatory behav-
ior of IS(Φ) is preserved.
The dependence of the switching current interference
pattern on temperature provides important information
about the impact of the electric field on the Josephson
coupling and on the efficiency of the phase shifter. In
particular, Figs. 4-b-e show the evolution of the ungated
IS(ϕ) traces (blue squares) with temperature. On the
one hand, the transition from a linear to a smooth trace is
related to the current-phase relation of the JJs approach-
ing the conventional sinusoidal behavior by increasing the
temperature [20, 21]. On the other hand, the disappear-
ance of a multivalued IS(Φ) is related to the decrease of
the screening parameter [22]. The latter, together with
a lower impact of the electric field on the supercurrent
6[1, 3, 4], is also reflected in the decrease of the phase
shift caused by VL = 9 V at higher temperatures (see
Figs. 4-b-e).
The full behavior of ∆ϕ on temperature for different
values of gate bias applied to the left JJ is summarized
in Fig. 4-f. The phase shift decreases monotonically by
increasing T for all the applied values of gate voltage.
However, the phase shift persists up to about 85% of
TC for VL ≥ 8 V denoting a wide range of operating
temperatures.
Beyond the strong implications in fundamental
physics, i.e., the apparent coupling of a static electric field
to the macroscopic phase of the superconducting conden-
sate, gate-controllable metallic Josephson interferometers
may be employed to develop several scalable supercon-
ducting field-effect devices with a wide range of possible
applications. For instance, the possibility to manipulate
and change the interferometric phase can yield impor-
tant implications in quantum information [15, 16, 30, 31]
in the form of flux [17, 32] and phase [33] superconduct-
ing qubits [14, 34–36], and in superconducting electronics
[13] for the realization of electrostatically-tunable rapid
single flux quantum (RSFQ) logic [37, 38]. Furthermore,
the ability of electrostatically mastering IS(Φ) [10] could
be of fundamental importance for the implementation of
ultrasensitive tunable magnetometers [18, 19]. Finally,
these prototypical interferometers could find application
in phase-controllable caloritronics [39, 40] and single pho-
ton sensing [41].
Methods
Fabrication
The samples were nano-fabricated by single step
electron-beam lithography and evaporation of Ti through
a poly(methyl methacrylate) (PMMA) mask onto an in-
trinsic Si wafer covered by 300 nm of silicon dioxide. The
30 nm thick Ti film was deposited at room temperature
in an ultrahigh-vacuum electron-beam evaporator with a
base pressure of about 5× 10−11 torr at a rate of about
11 A˚/s.
Measurements
All measurements were performed in a filtered He3-He4
dry dilution refrigerator at different bath temperatures in
the range 50mK - 450mK using standard four-wire tech-
nique. The resistance versus temperature characteristics
were obtained by low frequency lock-in technique. To
this end, a.c. excitation currents with typical root mean
square amplitudes I ' 10 nA at a frequency of 13.33
Hz were imposed through the device. The magnetic-flux
patterns of the devices were obtained by injecting a low-
noise biasing current and measuring the voltage drop by
a room-temperature differential preamplifier. The gate
bias was applied by a low-noise high-input impedance
source/measure unit or a DC-voltage source adding low
frequency filters of time constant ranging from 1 second
to 100 seconds (without any change of the resulting data).
The perpendicular-to-plane magnetic field is applied us-
ing a standard commercial superconducting coil magnet
with the sample placed in its center. Every measurement
point is the average over 50 repetitions and the respective
error is their standard deviation.
Parameters of the titanium thin film and SQUID
From the resistance versus temperature measurements
(see Fig. 1-b) and the dimensions of the device we can
deduce all the basic parameters of the titanium film and
the SQUID.
The zero-temperature BCS energy gap is ∆0 =
1.764kBTC ' 64 µeV, where kB is the Boltzmann con-
stant and TC ' 420 mK is the critical temperature.
From the diffusion constant (D ' 10−3 m2) we extracted
the conductivity σ = DNfe
2 ' 3.5 × 106 S, where
Nf ' 1.35 × 1047 J−1m−3 is the density of states at
the Fermi level of titanium and e is the electron charge.
The resulting magnetic field London penetration depth
is λL =
√
~/σµ0∆0 ' 900 nm, where ~ is the reduced
Planck constant and µ0 is the magnetic permeability of
vacuum, while we obtained a superconducting coherence
length ξ =
√
~D/∆0 ' 100 nm.
The total inductance of the SQUID (L) is given by
the sum of the geometric and kinetic contributions. The
geometric inductance of the SQUID ring is calculated
with the expression for a planar spiral of rectangular sec-
tion [42, 43] and it is LG ' 22.5 pH. The kinetic in-
ductance of the SQUID ring takes the form [44] LK =
RRh
2pi2∆
1
tanh
(
∆
2kBT
) ' 0.6 nH, where RR = 200 Ω is the
normal-state resistance of the ring, h is the Planck con-
stant, T = 50 mK is the temperature, and ∆ = ∆0 is
the superconducting gap (since T/TC ' 0.1 [25]). The
resulting kinetic inductance per square of the supercon-
ducting ring is about 27.5 pH/square. We notice that the
kinetic inductance is the main contribution to the total
inductance of the ring.
Finally, we extracted the resistance of a single JJ with
two methods. First, by analyzing the I−V characteristics
in Fig. 1-c and considering that the measured normal-
state resistance is given from the parallel connection of
two Dayem bridges, we get a resistance for each junction
RJJ ' 10 Ω. Second, we evaluated the normal-state
resistance of each constriction from the conductance of
our thin film and the geometry of the JJs. In particular
we got RJJ = l/σwt ' 9.6 Ω, where l = 150 nm is the
7junction length, w = 150 nm is the constriction width
and t = 30 nm is the thickness of the thin film. It follows
that the two methods provide results in good agreement.
Theoretical model
The operation of a SQUID based on Dayem bridges
can be determined by solving the system of resistively
and capacitively shunted junction (RCSJ) equations [26]:
I
2
+Icirc+I
th
L +I
gate
L =
~
2e
CLϕ¨L+
~
2e
1
RL
ϕ˙L+IL(ϕL) (1)
I
2
− Icirc + IthR + IgateR =
~
2e
CRϕ¨R +
~
2e
1
RR
ϕ˙R + IR(ϕR),
(2)
where I is the external bias current, Icirc is the cur-
rent circulating in the superconducting ring, and e is the
electron charge. Moreover, Ci, Ri, Ii, and ϕi are the
capacitance, the normal-state resistance, the Josephson
current, and the phase difference of the i-th JJ (with
i = L,R), respectively. In Eqs. (1)-(2), we included
the JohnsonNyquist thermal noise terms, Ithi , and the
gate-dependent Gaussianly-distributed, delta-correlated
stochastic noise fluctuations, Igatei , with intensity D
gate
i .
The critical temperature of our titanium thin film is
TC ' 420 mK, therefore we are in the temperature regime
(T = 50 mK < 0.4TC) where the superconducting gap
shows its zero-temperature value ∆i [25]. In addition, in
our experiment we have l/ξ ' 1.5, so that, since the short
junction equations are fairly valid for (l/ξ < 2.5) [45],
we approximate the CPR of the JJs with the zero-
temperature non-sinusoidal Kulik-Omel’Yanchuk CPR
for diffusive short junctions KO-1 [27]:
Ii(ϕi) =
pi∆i
eRi
cos
(ϕi
2
)
tanh−1
[
sin
(ϕi
2
)]
. (3)
Then, the critical current of each JJ is given by:
IC,i = maxϕIi(ϕ) ' 2pi∆i
3eRi
. (4)
The numerical solution of Eqs. (1)-(2) demands the
imposition of flux quantization in a superconducting ring
interspersed with two weak links, that can be expressed
as:
ϕL − ϕR = 2pi Φ
Φ0
− β Icirc
IC
+ 2pik. (5)
Here, Φ is the external magnetic flux, k is the integer
number of enclosed flux quanta in the ring, IC = (IC,L+
IC,R)/2, while β is the screening parameter defined as
β =
2piL
Φ0
IC , (6)
with L being the total inductance of the superconducting
ring.
Further details about the assumptions made and the
values imposed for the system parameters, i.e., for the
critical current, the inductance of SQUID arm, and the
amplitude Dgatei of the additional noise source, in order
to well reproduce the experimental data, are given in the
Supplementary materials.
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